ABSTRACT ATP-dependent 6-phosphofructokinase (PFK) activity is present in both chloroplastic and in nonchloroplastic fractions isolated from spinach protoplasts. The activity in the extra-chloroplastic fraction was stimulated 2-to 3.5-fold by 25 mm inorganic phosphate (Pi), the chloroplastassociated activity was inhibited 2-to 5-fold. The Pi stimulated activity was ATP-dependent and was not an artifact due to the presence of fructose 6-P, Pi, pyrophosphatase, and pyrophosphate fructose 6-P 1-phosphotransferase (PFP). PFK activities, which expressed characteristics similar to those separated from protoplasts, could be separated following ammonium sulfate fractionation of crude extracts; the ammonium sulfate treatment also separated both PFK activities from PFP. It is concluded that spinach leaves contain a cytosolic PFK. This activity is relatively stable, is stimulated by Pi over a wide pH range, is not a result of the transformation of another enzyme activity, and has an activity that is similar to, or slightly less than, that of the cytosolic PFP. or absent in leaves has recently achieved importance following the discovery that many leaf tissues contain PFP (EC 2.7.1.90), which also catalyzes the transformation between F6-P and Fl,6-P2. PFP uses PPi as a high-energy phosphate source (4-7), is a readily reversible cytosolic enzyme, and is stimulated by F2,6-P2. In leaf tissues such as Ananas comosus and Hoya carnosa, the activities of PFP are extremely high, much higher than those ofPFK or ofthe cytoplasmic Fl,6-P2ase, whereas in other tissues, for example spinach, the activity is low (4, 5, 11). There is uncertainty as to the roles of PFP and PFK, if present, in the cytoplasm.
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We present evidence in support of the postulate of Kelly and Latzko (12, 13 ) that a cytosolic, Pi-stimulated PFK is indeed present in spinach leaves. This activity is not a product of the changing characteristics of another PFK activity which is present in the leaf extracts and cannot be explained on the basis of coprecipitation of PFK, PFP, and inorganic pyrophosphatase activities following ammonium sulfate precipitation.
Plant leaf tissues contain at least two phosphofructokinase activities (ATP: 1-fructose 6-phosphate I-phosphotransferase, EC 2.7.1.11) which can be distinguished on the basis of their kinetic and regulatory properties (12) (13) (14) . A Pi does not change the Vm. ofthe proposed nonplastidic form, rather it alters the kinetics for F6-P from negative cooperativity to Michaelis-Menten so that when the enzyme is assayed with 25 mM Pi (at 5 mM F6-P) the activity increases 2-to 4-fold (12, 13) . Under similar conditions the chloroplastic activity is inhibited by about 50%.
The question as to whether a cytosolic PFK activity is present 'Abbreviations: PFK, ATP-dependent phosphofructokinase; F2,6-P2, fructose 2,6-bisphosphate; F6-P, fructose 6-phosphate; Fl,6-P2, fructose 1,6-bisphosphate; PFP, pyrophosphate fructose 6-phosphate I-phosphotransferase.
EXPERIMENTAL
Protoplasts were isolated from spinach (Spinacia oleracea L.) and purified according to Edwards et al. (8) . Chloroplastic and cytosolic fractions were separated by centrifugation through silicon oil following the rupture of protoplasts by a rapid passage through a 20 pm mesh nylon net (17) . The purity of the chloroplastic and the cytosolic fractions was checked by measuring the Chl contents and the activity of marker enzymes. The recovery of protein and marker enzymes was monitored by comparing the values in the separated fractions with those obtained for whole protoplast extracts.
Chloroplast Marker Enzyme. Ribulose-1,5-bisP carboxylaseoxygenase was measured after Lilley and Walker (16) . Cytoplasm marker enzyme: P-enolpyruvate carboxylase was assayed according to Hague and Sims (10) . Mitochondria marker enzyme: Cyt c oxidase was measured after Schnarrenberger et al. (18) . Peroxisome marker enzyme: catalase was measured using the method of Aebi (1). For PFK assays (13) the reaction mixture contained: 50 mM Hepes-NaOH (pH 7.7), 2.5 mM MgCl2, 5 mm F6-P (freed from F2,6-P2) (15), 0.08 mM NADH, 17 nkat aldolase, 204 nkat triose-P isomerase, 17 nkat glycerol-3-P dehydrogenase, and 0.5 mM ATP. When required, 25 mM Pi, adjusted to pH 7.7 with NaOH, was also present.
PFP was measured using a similar reaction mixture to that used for PFK except that ATP was replaced by 0.5 mM PPi, Pi was omitted, F6-P was 2 mm, and 10 pM F2,6-P2 was present.
Aliquots of chloroplast, cytosolic or whole protoplast preparations, were added to the enzyme reaction mixtures (for Cyt c oxidase and catalase 0.01 % Triton X-100 was also present) and centrifuged at 10,000g for 20 s. The supernatants were transferred into cuvettes and the reactions were initiated with the relevant substrate. When necessary the reactions were corrected for blank rates.
Chl was determined after Amon (2) and protein after Bradford (3) . RESULTS 
AND DISCUSSION
Centrifugation of broken protoplast extracts through silicon oil resulted in a relatively good separation of the chloroplastic and cytosolic marker enzymes above and below the silicon oil layer, respectively (Table I ). The chloroplastic marker enzyme, ribulose 1,5-bisP carboxylase, and the cytoplasmic marker enzyme, P-enolpyruvate carboxylase, were separated with at least 90% efficiency. Mitochondrial Cyt c oxidase was predominantly in the supernatant. About 34% of the peroxisomal marker enzyme, catalase, was in the chloroplast-containing pellet.
The bulk of the Pi-stimulated PFK activity was present in the supematant (Table II) . Pi stimulated the supernatant PFK activity between 2.0-and 3.6-fold but inhibited the pelleted PFK activity between 2-and 5-fold. It is unlikely that there was a preferential loss of either Pi-stimulated or Pi-inhibited PFK activity during the silicon oil separation since the total activities and the +Pi: -Pi activity ratios of the pooled supernatant-pluspellet fractions were similar to those of the original protoplast extract. It is also unlikely that there is extensive PFK activity associated with cell walls or other components outside the plasmalemma as the specific activities of the +Pi and -Pi reactions in protoplast extracts of 0.075 nkat/mg protein and 0.063 nkat/ mg protein, respectively, are similar to those observed for whole spinach leaf extracts. In whole leaf extracts the +Pi activities ranged between 0.063 and 0.13 nkat/mg protein and the -Pi activities between 0.063 and 0.102 nkat/mg protein.
Two peaks of PFK activity were observed in crude extracts of spinach leaf subjected to ammonium sulfate fractionation ( Fig.  1) (13) . One precipitated mainly between 30 and 35% saturation and one precipitated between 50 and 60% saturation. The activity which salts out between 30 and 35% ammonium sulfate saturation is stimulated about 3.9-fold by 25 mm Pi, a stimulation that is similar to that observed in the cytosolic fractions isolated from protoplasts. As most of the PFP activity precipitated between 45 and 50% saturation, it is unlikely that the Pi-stimulated PFK activity was due to contamination by PFP and inorganic pyrophosphatase. This conclusion is reinforced by the observation that the PFK activity was strictly dependent upon the presence of ATP. The PFK activity which precipitates between 50 and 60% saturation is inhibited about 2.5-fold by 25 mm Pi, an inhibition which is similar to that observed in the chloroplastic CYTOSOLIC PFK FROM SPINACH fractions. Ammonium sulfate fractionation of isolated spinach chloroplast extracts results in a single, Pi-inhibited PFK activity, the bulk of which precipitates between 50 and 60% saturation (13) .
The characteristics of the postulated cytosolic leaf PFK are not the same as those of the unstable, nonplastidic form from developing endosperm ofRicinus communis observed by Garland and Dennis (9) . Pi stimulates the Ricinus activity by only about 10% at pH 7.5 but inhibits activity by about 20% at pH 6.5. The spinach form is stimulated by Pi between, at least, pH 6.0 and 8.0.
The respective roles of cytosolic PFK and PFP in leaves are unclear and may vary between species (20) . In addition to their roles in carbon metabolism, they are probably involved in the regulation of cytoplasmic PPi and ATP levels. In our spinach extracts the maximum extractable activities, in the presence of the stimulators Pi or F2,6-P2, were roughly similar: 0.063 to 0.13 nkat/mg protein for PFK and 0.14 to 0.15 nkat/mg protein for PFP. A general observation was that the between-extract variability of the cytosolic PFK activity was greater than that of the PFP activity. As both activities are affected by a number of metabolites, the capacities in vivo are likely to be very much lower. Whereas the ratio of the activities of the two enzymes is similar in spinach, in plants such as Ananas and Hoya PFP is 10-fold or greater more active than PFK (5, 11) . It has been postulated that such differences have some functional significance (1 1).
A comparison of the ratios of Pi-stimulated and Pi-inhibited PFK activities in crude extracts, ammonium sulfate fractions, and in separated chloroplast and cytosol fractions indicates that the activities are indeed separate and are not artifacts due to the interconversion of one form to another, a possibility which must be entertained when one works with proteins which are known to form aggregates (19) .
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